[1] We report the first UV satellite observations of mesospheric water vapor. The measurements are of nonthermal OH prompt emission between 300-330 nm produced directly from the photodissociation of water vapor by H Lyman-a. This technique is most sensitive to water vapor concentrations between 70-90 km altitude. We present OH data from two limb scanning experiments: the Middle Atmosphere High Resolution Spectrograph Investigation (MAHRSI) and the Optical Spectrograph and Infra-Red Imager System (OSIRIS). Interpretation of the lower resolution ($1 nm) OSIRIS spectra requires the rotational emission rate factors for OH(1,1) solar fluorescence between 313-318 nm, which we present for the first time herein. Comparison of water vapor concentration profiles with the most coincident profiles from the Halogen Occultation Experiment on the Upper Atmosphere Research Satellite shows agreement to within 30% between 75-80 km for both MAHRSI and OSIRIS. We discuss the benefits of this promising new approach to measuring upper mesospheric water vapor and the need for new laboratory measurements to improve the analysis.
Introduction
[2] The measured water vapor distribution in the Earth's upper atmosphere provides important details on global climate processes. Its altitude profile typically results from a balance between vertical transport and photolysis so it is an important tracer for modeling global-scale dynamics [Smith and Brasseur, 1991] . In addition, water vapor is the principal source of hydroxyl (OH) in the mesosphere, which is highly reactive and contributes to the catalytic destruction of ozone (O 3 ) [Bates and Nicolet, 1950; Brasseur and Solomon, 1986] . Moreover in the cold polar summer mesosphere water vapor forms mesospheric clouds, which have been used as diagnostics for upper atmospheric variability and for hemispheric asymmetries in climate [Garcia, 1989; Chu et al., 2003; Siskind et al., 2005; Hervig and Siskind, 2006; Stevens et al., 2007] .
[3] Despite its significance to these important dynamical, chemical and microphysical processes, satellite observations of mesospheric water vapor have only recently become available [e.g., Harries et al., 1996; Bevilacqua et al., 1996; Pumphrey, 1999; Michelsen et al., 2002; Boone et al., 2005; Milz et al., 2005; Lambert et al., 2007] . Uninterrupted global coverage is still limited, however, and observations in the vicinity of mesospheric clouds are particularly sparse [Hervig et al., 2003] . Finally, previous satellite observations of mesospheric water vapor have been made at infrared and microwave wavelengths. There have been no UV satellite measurements of mesospheric water vapor to date.
[4] Mesospheric water vapor measurements can be made in the UV near 310 nm by measuring nonthermal OH A 2 S + -X 2 P (0,0) emission produced directly by photodissociation [Khaplanov et al., 1996] . Indeed, this OH ''prompt'' emission has been previously observed from a comet [Bertaux, 1986; Budzien and Feldman, 1991] . We show herein OH prompt emission from the Earth's mesosphere observed by two experiments: The Middle Atmosphere High Resolution Spectrograph Investigation (MAHRSI) and the Optical Spectrograph and Infra-Red Imaging System (OSI-RIS). We invert prompt radiance profiles from each experiment to retrieve volume emission rates and water vapor mixing ratios. We then compare the water vapor mixing ratio profiles from each experiment with the most coincident observations from the HALogen Occultation Experiment (HALOE) [Russell et al., 1993 ] on NASA's Upper Atmosphere Research Satellite (UARS).
[5] We divide this work into five sections. In section 2 we define the spectral components needed to model the observations between 280-330 nm. This includes the calculation of the OH A 2 S + -X 2 P (1,1) rotational emission rate factors (g factors) for solar fluorescence as well as the relative intensities of the nonthermal OH(0,0) and (1,1) prompt rotational emission lines. In section 3 we describe the spectral analysis used to infer the OH prompt column emission rate from the MAHRSI and OSIRIS limb spectra. 5d. PROJECT NUMBER 5e. TASK NUMBER 5f. WORK UNIT NUMBER
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In section 4 we describe the retrieval of volume emission rates and water vapor mixing ratios from the observed limb radiances. In section 5 we discuss the benefits and current limitations of this new measurement technique.
2. Emission Spectrum of OH A 2 S + -X 2 P
[6] When water vapor is photodissociated in the upper mesosphere, most of the OH produced is in the ground electronic state ( 2 P). However, a small amount is produced in the electronically excited A 2 S + state [Terenin and Neujmin, 1934 ], i.e.
[7] The resultant nonthermal prompt emission appears between 280 -330 nm but is most apparent between 300 -330 nm [Carrington, 1964; Harich et al., 2000] . With an artificial light source, many have used this technique to obtain in situ measurements of water vapor in both the mesosphere [Khaplanov et al., 1996] and the stratosphere [Bertaux and Delannoy, 1978; Kley et al., 1979; Schwab et al., 1990; Kelly et al., 1993] . However, all of these measurements were made either from a balloon, an aircraft or a rocket and therefore have limited spatial and temporal coverage.
[8] OH prompt emission can also be excited in the Earth's mesosphere by solar H Lyman-a at 121.6 nm. Detection of this OH prompt emission by a satellite experiment poses two challenges. First, there is a bright underlying signal due to Rayleigh scattered sunlight that must be subtracted from the observations. Second, the solar fluorescence of the (0,0) and (1,1) bands are typically brighter than the OH prompt emission and one or both of these bands must also be removed to isolate the overlapping OH prompt lines.
[9] The MAHRSI and OSIRIS data sets require different approaches to the spectral analysis. MAHRSI observes the Earth's limb near 309 nm with a spectral resolution of 0.02 nm , which is high enough to distinguish three discrete OH(0,0) prompt rotational lines from those due to (0,0) solar resonance fluorescence between 308.52 -309.02 nm. The MAHRSI passband used herein is narrow, however, at $0.5 nm so that the observed emission is scaled up to estimate the total OH prompt emission over several hundred OH prompt rotational lines distributed across $30 nm based on our understanding of the intensity distribution. OSIRIS observes the Earth's limb between 280-800 nm with a spectral resolution of $1 nm [Llewellyn et al., 2004; Gattinger et al., 2006 Gattinger et al., , 2008 , so in contrast to MAHRSI the entire rotational envelope of the OH(0,0) and (1,1) prompt emission spectrum between 300 -330 nm needs to be separated from the blended (0,0) and (1,1) solar fluorescence. For both the MAHRSI and OSIRIS analyses, we require a quantitative understanding of the thermal and nonthermal OH emission lines in the Earth's upper mesosphere between 280-330 nm.
[10] In this section, we focus on the spectroscopy of mesospheric OH between 280 -330 nm. We consider four major components to the OH emission spectrum: the (0,0) and (1,1) solar fluorescence bands and the (0,0) and (1,1) prompt bands. The brightest of these by far is (0,0) solar fluorescence near 309 nm. We express the fluorescence efficiency of each transition with the g factor, which is the number of solar photons scattered per second per OH molecule. The (0,0) rotational g factors were presented and compared to MAHRSI observations by Stevens and Conway [1999] and are not reproduced here. We first extend the work of Stevens and Conway by reporting the OH(1,1) rotational g factors near 314 nm. We then report the relative intensities of the nonthermal (0,0) and (1,1) prompt rotational emission lines used in this study based on previous laboratory work [Carrington, 1964; Crosley and Lengel, 1975] .
OH(1,v
00 ) Solar Fluorescence
[11] The OH A 2 S + -X 2 P (1,1) band is observed by OSIRIS between 313 -318 nm [Gattinger et al., 2006 [Gattinger et al., , 2008 . For solar fluorescence it is stimulated by the solar irradiance near the (1,0) transition at 280 nm. The solar irradiance is spectrally complex in the mid-UV, so that rotational transitions at nearly the same wavelength can be excited by significantly different irradiances. To derive line positions, X(0) rotational term values were taken from Stark et al. [1994] and A(1) term values were taken from Coxon [1980] . By invoking the relevant selection rules, rotational line positions for the (1,0) band were calculated and are shown in Table 1 . The line positions are listed separately for each of the 12 rotational branches, where N 0 represents the angular momentum of the upper state apart from spin, i.e., N 0 = J 0 ± 1 = 2 . In Table 1 and all subsequent tables, those branches with DJ = J 00 À J 0 = 0 are Q branches, and those with DJ = +1 and À1 are P and R branches, respectively. More details of the nomenclature for each branch are provided by Cageao et al. [1997] .
[12] For emission, X(1) rotational levels are taken from Dieke and Crosswhite [1962] and line positions for the (1,1) band are given in Table 2 . Although only the first few rotational levels are populated for solar fluorescence in the Earth's mesosphere, we include line positions up to N 0 = 20 for the (1,1) band because they will be populated in the nonthermal prompt emission spectrum discussed in the next section.
[13] Three important differences arise when extending the OH(0,0) g factor calculation to the (1,v 00 ) bands: the band oscillator strength ( f 10 ), the branching ratio to v 00 = 1 (w 11 ) and the solar irradiance exciting the rotational transitions. Consistent with the recommendations of Schleicher and A'Hearn [1988] , we take f 10 = 2.78 Â 10 À4 [Luque and Crosley, 1998 ] and w 11 = 0.63 [Crosley and Lengel, 1975] . The biggest challenge is the construction of a new solar atlas at superior spectral resolution near 280 nm.
[14] Ideally, a solar atlas with a spectral resolution higher than the Doppler width of a OH rotational line in the Earth's mesosphere ($0.001 nm) is desired to calculate the rotational g factors, which is not available. To our knowledge, the atlas with the highest spectral resolution in this wavelength range ($0.003 nm) was compiled by Kohl et al. [1978] and we use this as the basis for our calculations. We note that each rotational g factor is typically derived from many different absorption transitions [Cageao et al., 1997; Stevens and Conway, 1999] , effectively averaging the irradiances and reducing the uncertainty arising from the inadequate spectral resolution of the solar atlas. Later in this section, we will explore the sensitivity of our result to reductions in this spectral resolution. We note that this atlas has previously been used in the calculation of OH(1,v 00 ) solar fluorescence of cometary OH. Although the rotational population of cometary OH is in fluorescence equilibrium rather than thermal equilibrium, spectra compare favorably to observations that resolve the rotational envelope of the bands [Schleicher and A'Hearn, 1988; Budzien and Feldman, 1991] .
[15] In order to obtain the most accurate absolute solar irradiance, we normalize the Kohl et al. [1978] atlas to observations by the SOLar STellar InterComparison Experiment (SOLSTICE) [Rottman et al., 1993] on UARS, which has an absolute accuracy of about 3.5% near 280 nm [Woods et al., 1996] . We degrade the Kohl et al. [1978] atlas to the spectral resolution of SOLSTICE (0.3 nm) and normalize the Kohl et al. [1978] total irradiance between 279 -289 nm to that from SOLSTICE. Using this procedure, the Kohl et al. [1978] absolute irradiances are adjusted downward by 27%. The result is shown over an important spectral region of excitation in Figure 1 . There are some gaps in the atlas over which we interpolate and the regions of these gaps are indicated by symbols at the bottom of the figure. The gaps constitute 16% of the spectrum within the figure. Using this atlas and the transition wavelengths indicated in Table 1 , we determine the solar irradiance at each wavelength and show the results in Table 3 .
[16] Following the approach described by Stevens and Conway [1999] , g factors at 200 K are calculated from the irradiances in Table 3 and shown in Table 4 , the calculated (1,1)/(0,0) band ratio for solar fluorescence is therefore 0.15 and in good agreement with airglow observations by OSIRIS [Gattinger et al., 2008] .
[17] The predicted brightness of the (1,1) band relative to the (0,0) band is shown in Figure 2 , where we have smoothed both bands with the OSIRIS spectral resolution function ($1 nm) to represent the OH solar fluorescence spectrum observed by that instrument. The (1,0) rotational g factors near 283 nm can be calculated by multiplying the entries in Table 4 by the A(1,0)/A(1,1) ratio measured by Crosley and Lengel [1975] of 0.63 and using the transition wavelengths in Table 1 . [18] To explore the sensitivity of our results for the (1,1) vibrational band g factor on the spectral resolution of the solar atlas used, we increasingly degraded our atlas in 12 increments until the spectral resolution was equivalent to that of SOLSTICE (0.3 nm). Results are shown in Figure 3 and indicate that even though our atlas cannot resolve features down to a Doppler width of a rotational line in the Earth's atmosphere, the band g factor changes by only 6% using an atlas at lower spectral resolution. We take this as evidence that the g factor calculation is adequate for the analysis of the OSIRIS (1,1) data at 1 nm spectral resolution.
[19] The uncertainty of the OH(1,1) band g factor is driven primarily by the uncertainty of the A(1,0) Einstein coefficient, from which f 10 is directly calculated. On the basis of the available theoretical and experimental work, we estimate this uncertainty to be ±20% [Rouse and Engleman, 1973; Crosley and Lengel, 1975; Luque and Crosley, 1998 ].
In addition, we estimate a 6% uncertainty based on our relatively low-resolution solar atlas (Figure 3 ), 5% for the (1,1) branching ratio [Crosley and Lengel, 1975] , 3.5% for the solar flux near 280 nm [Woods et al., 1996] and 3% for the wavelength uncertainty of the solar atlas [Kohl et al., 1978] . The total root-sum-squared 1-s uncertainty for the (1,1) band g factor is therefore ±22%. This is significantly larger than the root-sum-squared uncertainty of the (0,0) band g factor of ±7% .
Prompt Emission
[20] As discussed earlier, when water vapor is photodissociated by UV light, OH is produced preferentially in the ground state. However, if the photon is energetic enough there is a small but significant quantum yield that produces OH in the A 2 S + excited electronic state. The fraction of OH in the excited state depends in part on the wavelength of the photon. In the Earth's upper mesosphere where we observe most of the OH prompt emission, the photodissociation is dominated by H Lyman-a [Nicolet, 1984] .
[21] Whereas the OH solar fluorescence spectrum in the mesosphere peaks near rotational states with angular momentum N$2 [Cageao et al., 1997; Stevens and Conway, 1999] the OH prompt spectrum preferentially populates rotational states where N$14-22, depending on whether the A 2 S + state is also vibrationally excited [Carrington, 1964; Vikis, 1978; Okabe, 1980] . It is this difference in the rotational population that allows us to isolate the prompt emission from the solar fluorescence.
[22] The line positions for the OH(0,0) band are shown in Table 5 , which is an extension of Table 1 from Stevens and Conway [1999] . Table 5 uses the X(0) and A(0) term values of Stark et al. [1994] . The relative intensities of the rotational lines within the (0,0) and (1,1) bands are taken from Carrington [1964] and are shown in Tables 6 and 7 , respectively, where the three lines detected by MAHRSI are highlighted in boldface. The band integrated (0,0)/(1,1) prompt ratio is discussed below.
[23] The relative brightness of the (1,1) and (0,0) prompt emission bands may be written
where N represents the population of the v 0 = 1 or v 0 = 0 state and A(1,1) or A(0,0) is the band Einstein coefficient. The ratio of excited state populations N(1)/N(0) is 0.38 from the work of Lee et al. [1978] . This ratio is reflected in the ratio of the sum of the populations in Tables 6 and 7. Using Figure 1 . Solar irradiance used for calculation of OH(1,1) g factors in this work (black). Symbols at the bottom indicate where the atlas was missing data (16% of the data in the wavelength region shown) and the atlas was interpolated over these regions. The wavelengths are for vacuum and the normalization of the high-resolution spectrum is done so that the integral of the smoothed Kohl et al. [1978] (KPK) spectrum (blue) is the same as that of the SOLSTICE spectrum at 0.3 nm resolution (red) between 279 -289 nm. The SOLSTICE spectrum was measured on 25 February 1992. the Einstein A coefficients from Chidsey and Crosley [1980] we find that A(1,1)/A(0,0) = 0.5. This is somewhat smaller than that reported by Crosley and Lengel [1975] (0.6), which is limited to laboratory observations where N 0 < 6. We therefore calculate I(1,1)/I(0,0) to be 0.2 in Tables 6 and 7. [24] The modeled OH prompt spectrum between 305 -330 nm is shown in Figure 4 , where the relative intensities of the (0,0) and (1,1) rotation lines are shown in black and red, respectively. The entire spectrum has been smoothed using the OSIRIS spectral resolution function to simulate the observation by that instrument, analogous to Figure 2 for the solar fluorescence spectrum. The composite spectrum is overplotted as the solid black histogram. We have also indicated (in green) on Figure 4 the narrow spectral region near 309 nm where MAHRSI observes both OH(0,0) solar resonance fluorescence and three OH(0,0) relatively bright prompt emission lines. Since MAHRSI observes only a portion of the OH(0,0) prompt spectrum, we scale the observed intensities upwards to represent the prompt emission for the (0,0) and (1,1) bands. From the results shown in Table 6 and using the MAHRSI spectral resolution function over the passband shown in Figure 4 , we calculate this scale factor to be 26.5.
The Observations

MAHRSI
[25] MAHRSI flew twice on a satellite deployed and retrieved by the crew of the space shuttle, once in 1994 and again in 1997 . The data used for this study are from the second mission and have been presented by Conway et al. [2000] , who analyzed the OH(0,0) solar resonance fluorescence to retrieve OH densities in the mesosphere and upper stratosphere. We use the observations reported by Conway et al. to identify the relatively weak OH prompt emission because they are distinguished by smaller (<50°) solar zenith angles (SZAs), which allows for deeper penetration of H Lyman-a and therefore increases the mesospheric OH signal. The data are an average of 34 limb scans collected during six different orbits between 10 -15 August 1997. The selected scans were taken from latitudes between 43-57°N, where the local solar time ranged between 0930-1430 and the SZA varied between 33-49°.
[26] Figure 5a shows these MAHRSI limb data in black, which is an average between 72-79 km altitude near where the OH prompt emission peaks in the mesosphere. Our spectral analysis includes the Rayleigh scattered background (in blue, top panel), the OH(0,0) solar resonance fluorescence spectrum and the OH(0,0) prompt spectrum. The OH(0,0) prompt spectrum was smoothed with the spectral resolution function of MAHRSI and included in the least squares radiance retrieval procedure discussed by Conway et al. [2000] . Excess emission not captured by the (0,0) solar fluorescence spectrum can be seen in the top two panels near 308.58 nm, 308.71 nm, and 309.00 nm.
[27] The effects of ozone on the shape of the background are only important near 65 km and below , which is below where most of the OH prompt signal originates. In our analysis, we narrow the MAHRSI passband from $3 nm [Conway et al., 2000 ] to $0.5 nm in Figure 5 . Confining the passband to this spectral region reduces the uncertainty arising from imperfections in the background fitting. The passband selected (308.52 -309.02 nm) includes three bright OH(0,0) prompt lines as shown in Figure 4 . We then use a nonlinear least squares fitting algorithm that includes the Rayleigh scattered back- [Gattinger et al., 2008] . The entire spectrum is smoothed using the OSIRIS spectral resolution function with a full-width at half-maximum of $1 nm (scaled arbitrarily).
ground, the OH(0,0) fluorescence spectrum, the OH(0,0) prompt spectrum and a constant term.
[28] In Figure 5a , the OH(0,0) solar fluorescence spectrum with the Rayleigh background fit to the data is shown in green. The composite model is in red, which includes all components of the fit, including the relatively weak OH(0,0) prompt emission. In Figure 5b the Rayleigh background has been subtracted from the data, leaving only the OH(0,0) solar resonance fluorescence and OH(0,0) prompt spectrum. The rotational branches and levels of the fluorescence lines are indicated [Stevens and Conway, 1999] .
[29] Figure 5c shows the OH(0,0) prompt spectrum after subtracting the (0,0) fluorescence spectrum from the data in Figure 5b . Three different lines originating from high rotational levels (N 0 ! 20) of the R 22 and R 11 branches are Figure 3 . OH(1,1) band g factor using a solar atlas based on the observations by Kohl et al. [1978] . The solar atlas used in the g factor calculation does not resolve the Doppler width of a OH(1,1) rotational line in the Earth's atmosphere, but the band g factor calculated at progressively lower spectral resolutions does not change significantly. clearly evident and are identified in red using Tables 5 and 6 . Weaker OH prompt features originating from much lower rotational levels near 308.61 nm and 308.82 nm are not evident above the noise. The integrated brightness of the prompt radiance within the passband shown is indicated in the upper right of Figure 5c . Using our scale factor (26.5) derived from results shown in section 2, we find that the total OH(0,0) + (1,1) prompt radiance between 72-79 km is 42 kiloRayleighs (kR), where 1 kR is the apparent emission rate of 10 9 photons/cm 2 /s. Carrington [1964] . v 0 = 1 population based on Lee et al. [1978] and normalized to populations in Table 6 so that N(v 0 = 1)/N(v 0 = 0) = 0.38.Total OH(1,1) prompt intensity normalized to (0,0) intensity in Table 6 so that I(0,0)/I(1,1) = 5.1. Rotational Einstein A coefficients from which intensities calculated are from Chidsey and Crosley [1980] , where A(1,1) is based on the calculated A(1,1)/A(0,0) ratio of Crosley and Lengel [1975] at lowest rotational levels.
[30] We employ this procedure at each 2 km altitude step to retrieve the OH(0,0) + (1,1) radiances between 65-85 km and the results are shown as the black curve in the left hand panel of Figure 6 . Uncertainties (1s) are shown as the darker shaded envelope and do not include systematic uncertainties such as those for the g factor. We invert these radiances to retrieve the volume emission rates (VERs) as a function of altitude and these are overplotted as the red curve and referenced to the top axis, where the statistical uncertainties are propagated through the inversion and shown as the lighter shaded region beneath the red curve. For this inversion we have included a small amount of extinction by ozone at the lowest altitudes shown [Gattinger et al., 2006] but have assumed that quenching and vibrational energy transfer of the excited state is negligible. We see that the emission increases sharply from 85 -75 km due to the increasing water vapor concentrations at these altitudes and then decreases from 75 -65 km due to the attenuation of the solar H Lyman-a flux. We will model these processes in section 4.
OSIRIS
[31] OSIRIS was launched aboard the Odin satellite [Murtagh et al., 2002] on 20 February 2001 with an orbital inclination of 98°. Odin is in a sun-synchronous orbit with equator crossing times near 0600 and 1800 local time so that OSIRIS observes the Earth's limb both near sunrise and sunset [Llewellyn et al., 2004] . The instrument measures atmospheric limb scattered solar radiation over the wavelength range from 274 nm to 810 nm with 1 nm spectral resolution. The vertical field of view is 1 km at the tangent point and the vertical sampling interval is approximately 1.5 km. The on-orbit instrument absolute calibration is based on solar flux data from the Solar Ultraviolet Spectral Irradiance Monitor database [Brueckner et al., 1993] and a multiple scatter atmospheric model.
[32] As with the MAHRSI analysis , an accurate estimate of the atmospheric background spectrum is required to isolate the OH bands [Gattinger et al., 2006] . The procedure adopted here is to first subtract a scaled 60 km Rayleigh scattered atmospheric background spectrum from the upper mesospheric spectra and then to subtract a scaled spectrum above the OH optical emission region, averaged over the 92 to 94 km range, to remove the thermospheric dayglow component [e.g., Cleary et al., 1995] and a weak baffle scatter component present at wavelengths longer than approximately 315 nm.
[33] Since the total OH solar fluorescence is typically much brighter than the prompt emission, we limit our observations to those from the early morning (0700 -0800 local time). At this part of the day the OH has not yet accumulated through photodissociation so the OH fluorescence is relatively weak [Gattinger et al., 2006] . Since the OH prompt emission is produced directly by the photodissociation of upper mesospheric water vapor by H Lyman-a we do not expect it to have the strong diurnal dependence of the OH solar fluorescence.
[34] Figure 7a shows an OSIRIS limb spectrum and the estimate of the Rayleigh background spectrum scaled to the data and overplotted in red. The limb spectrum is composed of an average of 42 scans between 50-70°N on 3 -4 June 2005. The excess emission near 308 nm and 315 nm is due to OH(0,0) and (1,1) solar fluorescence and prompt emission. Figure 7a serves to illustrate that in general the OH signal is less than 10% of the total limb emission observed at 80 km. The spectrally complex background is fit extremely well away from the OH emission, underscoring its reliability where we infer the signal.
[35] Figure 7b shows the OSIRIS data from Figure 7a with the Rayleigh scattered background removed. Overplotted on the data are the results of a least squares fitting algorithm, which uses the theoretical OH(0,0) and (1,1) g factors convolved with the OSIRIS spectral resolution function (blue), the OH(0,0) and (1,1) prompt spectrum at OSIRIS resolution (green) and the composite fit to the data (red). The composite fit to the data is excellent and the emission between 320 -325 nm demonstrates that OH prompt emission is detected. The total OH(0,0) + (1,1) prompt radiance inferred at 80 km is 43 kR and indicated in green in Figure 7b .
[36] Figure 7 also serves to illustrate that the spectral resolution of OSIRIS ($1 nm) is such that the OH(0,0) and (1,1) fluorescence and prompt components are blended together. Since the uncertainty of the (1,1) g factor is relatively large at 22% (section 2.1), we considered how the retrieved OH(0,0) + (1,1) prompt emission varied with a 15% reduction in the (1,1) g factor. We find that the OH prompt intensity increases by only 5 -10% near the peak $80 km, which is approximately the statistical uncertainty shown in Figure 6 . This is small in the context of our initial Figure 4 . OH prompt fluorescence spectrum between 305 -330 nm. The relative intensity of the (0,0) rotational spectrum is shown against the (1,1) spectrum. The spectrum is smoothed using the OSIRIS spectral resolution function with a full-width at half-maximum of $1 nm and the resultant (0,0) spectrum is shown as the black dashed histogram, the (1,1) spectrum is shown as the red histogram and the composite of the two is shown as the black solid histogram (arbitrarily scaled). The (0,0) spectrum is a factor of five brighter than the (1,1) spectrum and the region of the OH prompt spectrum observed by MAHRSI is indicated in green.
study, but underscores the need to constrain A(1,0) in laboratory studies to improve our retrievals.
[37] We similarly fit the fluorescence and prompt components of OH to the limb data at other altitudes and infer the OH prompt radiance profile. The results are shown in the right hand panel of Figure 6 in black with the statistical error envelope shaded (1s). We invert these radiances to derive VERs, which are overplotted in red and referenced to the top axis. Overall, the OSIRIS VERs are similar to MAHRSI's in the left hand panel. The peak is a slightly higher altitude (near 78 km) compared to MAHRSI (75 km), which is probably due to the larger solar zenith angle for the OSIRIS observations and a different vertical distribution of water vapor for the conditions indicated. We will explore these differences in the next section.
Modeling Approach
[38] We now model the VERs shown in Figure 6 in order to derive the water vapor mixing ratio profiles. We simulate the lighting conditions of each set of observations and use water vapor concentrations inferred from HALOE observations that are as close as possible in time and space to our observations.
[39] For this analysis, we focus on the altitude region between 65-90 km where there is measurable signal from the satellite observations. We also assume that the solar H Lyman-a flux is the only source of OH prompt emission in the Earth's upper mesosphere. The volume emission rate (P) can be expressed as
where y l (z) is the H Lyman-a flux at each altitude level, f is the OH(0,0) + (1,1) prompt yield, s l is the water vapor cross section and [H 2 O(z)] is the water vapor concentration [Gumbel, 1997] . In our modeling approach, we neglect quenching of the A 2 S + state as well as vibrational energy transfer (VET) and rotational energy transfer (RET), which become important below $65 km Gattinger et al., 2008] . Available laboratory results indicate, moreover, that quenching and RET are less efficient at high rotational levels (N 0 = 16-20) than at low rotational levels (N 0 < 3) [Kaneko et al., 1968; Copeland et al., 1985; Papagiannakopoulos and Fotakis, 1985; Burris et al., 1991; Gumbel, 1997] . As indicated in section 3.1, extinction due to ozone is not important above 65 km and is therefore not included in our model simulations. We discuss the inputs to equation (3) in order now.
[40] Although molecular oxygen (O 2 ) controls the attenuation of solar H Lyman-a in the upper mesosphere, the water vapor cross section is required to model the observed OH prompt volume emission rate in equation (3). To determine the average cross section of water vapor, s l , we model the shape of the solar H Lyman-a line between 121.467-121.667 nm in 0.001 nm increments [Chabrillat and Kockarts, 1997] . We normalize that to unity and integrate over the cross sections as given by Lewis et al. [1983] . This yields an average cross section of 1.51 Â 10 À17 cm 2 .
[41] There is currently some ambiguity for the OH prompt yield, 8. Carrington [1964] reported a yield of 0.05 with uncertainty of a factor of two to three. Lee and Suto [1986] gave a value of 0.075 near Lyman-a with and uncertainty of 30%. On the other hand, Harich et al. [2000] find that there is an even larger 0.13 yield to OH prompt following photodissociation by H Lyman-a. Given this ambiguity we consider two possible yields: 0.075 and 0.13. From equation (3), the yield directly affects our volume emission rate calculation so we will consider the impact of each on our comparison. We assume that OH prompt emission appears exclusively in the (0,0), (1,1), and (1,0) bands. Since we only model the (0,0) and (1,1) bands herein, we reduce the reported yield slightly to account for the rest of the emission lost to (1,0). We have determined that I(1,1)/I(0,0) is 0.2 in section 2.2. On the basis of the experimental work of Crosley and Lengel [1975] , the A(1,0)/A(1,1) ratio is 0.63 so that the yields used in our analysis are reduced by 9% to 0.068 and 0.118.
[42] To derive the solar H Lyman-a flux with altitude, we first determine the flux appropriate to the day of the MAHRSI (12 August 1997) and OSIRIS (4 June 2005) observations. This is obtained using the compilation at the LASP Interactive Solar Datacenter (http://lasp.colorado.edu/ LISIRD/). We find that during the MAHRSI OH observations, the solar H Lyman-a flux was 3.73 Â 10 11 photon/ cm 2 /s whereas for the OSIRIS observations it was 3.93 Â 10 11 photon/cm 2 /s. We assume that the attenuation of Lyman-a is entirely due to the overhead column of O 2 , which has a well-known window near 121.6 nm allowing for the penetration of H Lyman-a to the upper mesosphere [e.g., Lewis et al., 1983] . We parameterize the absorption following the approach described by Kockarts [1997, 1998 ]. For the O 2 column we use the HALOE background atmosphere and the O 2 mixing ratio as a function of altitude from the empirical atmospheric model NRLMSISE-00 [Picone et al., 2002] . As discussed previ- ously, the amount of absorption is sensitive to the solar zenith angle and we use the average zenith angle for each data set in our calculations.
[43] Results are shown in Figure 8a for MAHRSI conditions and Figure 8b for OSIRIS conditions. Note the higher altitudes of extinction for the OSIRIS case, which is due to the larger solar zenith angle indicated in each figure. In general, Figure 8 shows that the OH prompt emission should decrease above 75 -80 km because of lower water vapor concentrations and should decrease below these altitudes due to the reduction of available H Lyman-a radiation (see Figure 6 ).
[44] For comparison against our results we use the HALOE background atmosphere and water vapor profiles most coincident in space and time. For the MAHRSI analysis, we coaverage 59 HALOE profiles from 22-23 July and 2 -3 September 1997, which are before and after the MAHRSI observations on 10 -15 August. The average latitude of these HALOE scans was 50°N (compared to the MAHRSI latitude of 52°N) and the uncertainty of the coaveraged profile is indicated by the shaded area in Figure 8a and referenced to the top (red) axis. Above 85 km the HALOE data are highly uncertain so we show this region with a dotted line hereinafter in model calculations.
[45] For the OSIRIS analysis, 60 HALOE scans were coaveraged between 4-8 June 2005 near 65°N (compared to OSIRIS at 62°N). PMCs can bias the HALOE water vapor measurements , but the PMC signature in the OSIRIS data for these latitudes for this early in the PMC season was very weak. The resultant coaveraged water vapor profile is overplotted with a shaded uncertainty in Figure 8b . Note that the water vapor extends to higher altitudes in Figure 8b compared to Figure 8a , as expected at the higher latitudes during June.
[46] Using the HALOE water vapor concentrations and the H Lyman-a flux shown in Figure 8 , we calculate the VERs from equation (3) [47] Using the observed VERs ( Figure 9 ) and the H Lyman-a flux (Figure 8 ), equation (3) can be solved for the water vapor concentration. By taking the number densities of the background atmosphere from the HALOE measurements in Figure 8 , we show the retrieved water vapor mixing ratio profiles in Figure 10 . The vertical resolution of the HALOE profiles is 3 -5 km [McHugh et al., 2005] and the vertical resolution of both the MAHRSI and OSIRIS water vapor profiles is about 4 km. The MAHRSI results in Figure 10a show excellent agreement with HALOE water vapor, despite the fact that a direct comparison with data from the same month and latitude is not possible. Between 70-80 km, we find that the agreement is within 30% of HALOE observations. Figure 10b shows the comparison between OSIRIS and HALOE and the agreement between 75-85 km is also within 30% of HALOE. Below 74 km the OSIRIS data are well in excess of the HALOE data and are not shown. Inspection of Figure 9b shows that the VERs are systematically higher than the HALOE data and this difference propagates directly to the retrieved mixing ratios. The difficulty in retrieving water vapor by OSIRIS below 74 km is reflected in the uncertainties shown by the shaded area in Figure 9 (right).
Discussion and Summary
[48] We have reported the first UV satellite observations of water vapor in the Earth's mesosphere. These observations of OH prompt emission near 310 nm come from two separate experiments. The measurement is challenging because the prompt emission is weak compared to both the Rayleigh scattered background and the OH(0,0) and (1,1) solar fluorescence in the spectral region between 300 -330 nm. In order to help distinguish between the Tables 2, 5 , 6, and 7 on the basis of previous laboratory measurements of the rotational populations [Carrington, 1964] and transition probabilities [Crosley and Lengel, 1975] .
[49] Our two data sets offer separate benefits in the analysis and approach. MAHRSI uses higher spectral resolution (0.02 nm) with a narrower passband (0.5 nm) whereas OSIRIS uses lower spectral resolution (1 nm) across a wider passband (more than 30 nm). Because the rotational distribution of the OH prompt emission is non- . Calculated OH(0,0) + (1,1) prompt volume emission rates in solid black using a yield of 13% for conditions of (a) MAHRSI and (b) OSIRIS. The error envelope reflects the uncertainty in the HALOE water vapor profiles shown in Figure 8 . Model results above 85 km rely on uncertain HALOE water vapor retrievals at these altitudes so these results are shown with a dotted line. The volume emission rates from Figure 6 are overplotted for comparison. Also shown for comparison in dashed black is the model result for a yield of 7.5%. Both data sets are most consistent with a 13% yield. thermal and therefore a separate population from solar fluorescence, it is distinguishable either through individual rotational transitions (MAHRSI, Figure 5c ) or the shape of the rotational envelope (OSIRIS, Figure 7b) .
[50] We show only a limited amount of data herein to emphasize the new approach rather than to provide a database of mesospheric water vapor observations. MAHRSI and OSIRIS observations agree to within 30% of HALOE observations between 75 -80 km where the OH prompt radiance peaks. We find that a yield of 13% for OH prompt emission from the photodissociation of water vapor by H Lyman-a [Harich et al., 2000] is most consistent with both the MAHRSI and OSIRIS data. New laboratory work constraining the OH prompt yield following photodissociation by H Lyman-a is needed given the current ambiguity in the literature, where this value varies between 5 -13%. In addition, precise measurements of the rotational distribution would benefit high-resolution measurements such as MAHRSI, which has a limited passband so that the analysis relies on a large scaling for the vibrational band intensity. Finally, tighter constraints on the lifetime of the v 0 = 1 state would benefit measurements at lower resolution such as OSIRIS, which must separate the blended (0,0) and (1,1) fluorescence and prompt components. Nonetheless, the excellent agreement between these two diverse data sets with validated HALOE observations [Harries et al., 1996; McHugh et al., 2005] underscores the reliability of our water vapor retrievals.
[51] It is unlikely that OH prompt emission could provide robust water vapor retrievals below 65 km because not only do quenching and ozone extinction become important below this altitude, but H Lyman-a is attenuated below 75 km and severely reduces the observed prompt emission (Figure 6 ). Above 75 km, the emission becomes weaker due to the strong decrease of water vapor concentrations with altitude. However, the technique shows promise for quantifying the water budget in the polar summer mesosphere, where concentrations are more elevated and for which few water vapor measurements currently exist.
[52] Since the OH prompt measurement is made from airglow observations rather than occultation, it is more synoptic and could ultimately provide daily global maps of upper mesospheric water vapor. Although MAHRSI was a shuttle payload and will not fly again, OSIRIS continues to collect data up to 82-90°latitude in both hemispheres and work is underway to interpret additional OH data from this valuable data set [Gattinger et al., 2008] . 
